The mammalian brain and spinal cord contain heterogeneous populations of cycling, immature cells. These include cells with stem cell-like properties as well as progenitors in various stages of early glial diVerentiation. This latter population is distributed widely throughout gray and white matter and numerically represents an extremely large cell pool. In this review, we discuss the possibility that the glial progenitors that populate the adult CNS are one source of gliomas. Indeed, the marker phenotypes, morphologies, and migratory properties of cells in gliomas strongly resemble glial progenitors in many ways. We review brieXy some salient features of normal glial development and then examine the similarities and diVerences between normal progenitors and cells in gliomas, focusing on the phenotypic plasticity of glial progenitors and the responses to growth factors in promoting proliferation and migration of normal and glioma cells, and discussing known mutational changes in gliomas in the context of how these might aVect the proliferative and migratory behaviors of progenitors. Finally, we will discuss the "cancer stem cell" hypothesis in light of the possibility that glial progenitors can generate gliomas.
Introduction
The cellular sources of gliomas have been a favored subject of speculation by neuropathologists and neuro-oncologists for decades. As neuropathologists, we are all aware of the variety of gliomas, as deWned by their architectures, cellular histologies and molecular marker expression proWles. But to complicate matters, gliomas often contain a heterogeneous mix of cell types and architectures. It is not clear how much of this heterogeneity is due to underlying genetic events and how much is due to epigenetic inXuences or the intermingling of neoplastic and reactive glia.
The recent glioma literature has featured the premise that gliomas arise from neural "stem cells." Furthermore, the glioma stem cells are able to diVerentiate to a certain extent along glial lineages, thereby acquiring the phenotypes of immature glia and thus contributing to the cellular heterogeneity of a glioma. Indeed, glioma phenotypes appear to be consistent with those of immature glia, rather than fully diVerentiated glial cells. The idea of neural stem cells giving rise to gliomas is made less clear by the lack of a uniform deWnition of a "neural stem cell." While we do not argue against the possibility that some gliomas indeed arise from "stem-like" cells, in this review we consider another possible cellular origin of gliomas, glial progenitor cells. The developing and even the adult mammalian CNS contain many cycling cells that belong to early glial lineages. These cells are distributed widely, many residing in white matter, and although in percentile terms constitute a small fraction of total CNS cells, a large brain would contain a large number in aggregate (see below).
In this review, we will give an overview of CNS glial development, focusing on issues relevant to gliomas, including lineages, cell migration, gene expression, phenotypic plasticity and growth factor responsiveness. We will then consider diVusely inWltrating glial tumors, including astrocytomas, oligodendrogliomas and glioblastomas, in the context of glial progenitor biology. We believe that many of the biological behaviors of gliomas and many of the histological Wndings with which neuropathologists are so familiar reXect normal characteristics of glial progenitors in conditions in which these cells lose their normal controls on proliferation and diVerentiation.
In discussing CNS glial lineages we will focus on the following important points:
1. The developing CNS appears to contain a mix of progenitors, which can give rise to oligodendrocytes and astrocytes, astrocytes and neurons, oligodendrocytes and neurons, or all three major cell types, as well as cells with restricted fates that generate only one type of cell. How and when these immature cells become restricted to one or more lineages is not exactly known. 2. Oligodendrocyte progenitors appear to have a greater capacity to proliferate in response to growth factors than do astrocyte progenitors; in fact, oligodendrocyte progenitors can be kept immature and proliferative indeWnitely when stimulated with the proper growth factors (including platelet-derived growth factor (PDGF) and Wbroblast growth factor (FGF)); 3. A subset of glial progenitors remains immature and cycling throughout life-these cells are abundant (1-4% in white matter) making them arguably the largest population of cycling cells in the adult brain; they are widely distributed throughout the brain, but appear to be most abundant in subcortical white matter, where most gliomas occur; 4. Glial progenitors can revert to a less mature state when stimulated with growth factors.
Many recent studies have focused on the idea that gliomas contain "cancer stem cells" and that these cells are unique in their capacity to initiate to growth and recurrence. In this paper, we focus on the diVerent but related question of cell of origin-what are the cells in the normal brain that have the capacity to give rise to brain tumors? SpeciWcally, we will put forth the argument that glial progenitors have the capacity to form brain tumors and the gliomas are largely composed of cells that closely resemble glial progenitors. At the end of the paper, we will review the current concept of cancer stem cells as it applies to gliomas, comparing and contrasting them to the concept of progenitor-like glioma cells and discussing the implications of these ideas to the cancer stem cell hypothesis.
An overview of mammalian gliogenesis
In this review, we will focus on gliogenesis in the forebrain, since the large majority of diVusely inWltrating gliomas arise in the forebrain. The precursors of astrocytes and oligodendrocytes originate, as do all neural cells, from the embryonic ventricular zone (VZ). During embryonic and early postnatal life, VZ cells delaminate from their epithelium and some of them develop into small, proliferative, and highly migratory cells that populate the adjacent subventricular zone (SVZ). To colonize the brain, these migratory precursors exit from the SVZ and then travel in some cases long distances into gray and white matter, where they either diVerentiate into mature glia or remain as immature, resident progenitors [106, 107] . Oligodendrocyte precursors are generated both ventrally and dorsally. Ventral precursors not only populate the ventral forebrain, but they also migrate extensively into the dorsal forebrain, primarily through the intermediate zone in a tangential (parallel to the pial surface) path [41] . Early astrocyte origins are less clear. Some astrocytes arise directly from radial glia, and thus do not go through a migratory phase, while others come from migratory SVZ cells and travel into the overlying white and gray matter. It is important to note that glial precursors, both astrocytes and oligodendrocytes, continue to divide during the migratory phase, and even continue dividing after they have ceased migrating. This phenomenon, which generates clonal clusters of glia, appears to be much more characteristic of the oligodendrocyte than the astrocyte lineage, suggesting that oligodendrocyte precursors possess a greater capacity to proliferate than do astrocyte precursors [107] . Details of astrocyte and oligodendrocyte development are given in recent reviews [30, 31, 50, 66] . While most glial precursors either diVerentiate into mature glia or die during early postnatal development, a subset remains immature and cycling through adult life (Figs. 1, 2 ). The proportion of such cells with respect to the total cell number is higher in white matter than in gray matter. It is estimated that these cells account for up to 4% of the total cells in the adult white matter, making them arguably the largest population of cycling cells in the adult brain [28, 38, 70, 75] ). This population is not a homogeneous one, but rather appears to be a mixture of immature cells that represent progenitors in diVerent stages of glial lineages: (1) long-term thymidine labeling in vivo suggests that both oligodendrocytes and astrocytes are derived from these cells in the normal adult brain; (2) if removed from the brain, this population contains subsets that can be diVerentiated into astrocytes, oligodendrocytes, and neurons; (3) a small percentage can generate neurospheres, indicating a potential stem-like behavior.
Lineages
The progressive restriction of cell fates during CNS development generates populations of gliogenic progenitors.
Furthermore, there is good evidence that at least some astrocytes and oligodendrocytes arise from common glial progenitor cells. For example, progenitor cells that are restricted to a glial fate have been isolated from the developing CNS [50, 69] . In vivo lineage analysis studies using retroviral labeling of progenitors in the SVZ indicate that some progenitors give rise to mixed clones composed of astrocytes and oligodendrocytes [107] . However, in some CNS regions and at certain times in embryonic development, astrocytes and oligodendrocytes do not appear to arise from common glial progenitors. In the spinal cord, the majority of oligodendrocytes are generated from a small, ventral domain in the embryonic VZ that Wrst generates motor neurons and then oligodendrocytes (known as the olig2/PMN domain, since the cells therein express the bHLH transcription factor, Olig2, and develop Wrst into motor neurons) [52, 108] . However, the sequential generation of neurons and then oligodendrocytes from a common VZ region does not necessarily imply that the two kinds of mature cells have a common, lineage-restricted progenitor [104] . Lineage tracing with inducible Cre systems shows that a subset of astrocytes and ependymal cells are also generated from the olig2/PMN domain [58] .
What induces a glial progenitor to acquire an astrocytic or oligodendrocytic fate is not clearly understood, although a number of factors, such as BMPs and IL-6 family members will promote astrocytic diVerentiation, while other factors, such as sonic hedgehog, PDGF, and insulin-like growth factor-1 (IGF1) will promote oligodendrocyte ZebrinII, also known as aldolase C, is expressed by VZ cells, radial glia, SVZ astrocytes, and developing astrocytes [57, 91] . GLAST is a glutamate transporter expressed by some radial glia and by astrocytes [24] . Besides Olig1 and Olig2, a number of other transcription factors are critical for oligodendrocyte development, and include Nkx 2.2, Nkx6.2, Hes 5, Sox5, 6, 10, Mash1 (AskI1), Myt1; Zpf488 [reviewed in 66, 100] . Space limitations preclude a lengthy discussion of transcription factor requirements in gliogenesis Figure 1 depicts a lineage chart for oligodendrocyte and astrocyte development from forebrain SVZ cells in rodents, showing some of the markers associated with diVerent developmental stages. We have grouped "Glial Progenitors" as a heterogeneous population of cells, some or all of which could generate gliomas. Note that early progenitors express the gangliosides recognized by the A2B5 antibody as well as PSA-NCAM. However, these early markers are not speciWc to glial lineages, being also expressed by neuronal precursors [see for e.g., 81, 84] .
Oligodendrocyte precursors can be identiWed by the expression of markers, including the NG2 chondroitin sulfate proteoglycan and the PDGF receptor alpha (PDGFR ) (Fig. 1 ). Cells that express these markers have two major fates. The Wrst is to develop into myelinating oligodendrocytes. The second is to develop into cells characterized by a lacy, highly process-bearing morphology, termed "synantocytes" [12] or "polydendrocytes" [67] . This latter cell type, which also expresses the NG2 proteoglycan, is found in all regions of the CNS. Its functions are not clear, although some extend processes to Nodes of Ranvier, and some receive synaptic-like inputs from neurons, at least in the hippocampus [76] . This cell type, or a subset thereof, continue to proliferate throughout life and, in fact, represent one of the largest populations of cycling cells in the adult brain [2, 35] . The NG2+ cells have been thought to be oligodendrocyte precursor cells, able to diVerentiate into myelinating oligodendrocytes either during normal glial turnover, or during remyelination [77] . However, recent evidence suggests that NG2+ cells can also generate protoplasmic astrocytes [110] .
Oligodendrocytes proceed through a relatively well-deWned sequence of diVerentiation ( Fig. 1) . Early stage progenitors are A2B5+, which does not distinguish them from neuronal progenitors, and then acquire a series of markers, beginning with olig1 and 2, PDGFR , NG2 proteoglycan, sulfatides (recognized by the O4 monoclonal antibody), and later, galactocerebroside, proteolipid protein, MAG, myelin basic protein, and other components of the myelin sheath. As oligodendrocytes mature, they eventually lose PDGFR and NG2 expression. This diVerentiation occurs over the course of about a week in vitro, which is thought to resemble the time it takes for oligodendrocytes to diVerentiate in the brain. There is some degree of overlap among these populations.
The stages of astrocyte development are not as well characterized as those for oligodendrocytes. Figure 1 shows some of the markers used to deWne astrocyte lineage cells, although many of these markers are also found in radial glial cells. Several laboratories have isolated astrocyte precursors, deWned as immature cells from the developing CNS that can diVerentiate into astrocytes in culture [48, 49, 63, 64, 79] . These precursors vary in their fate restrictions and in their growth factor requirements for promoting diVerentiation, but many require added factors, such as IL-6 family members (LIF, CNTF), or BMPs to promote astrocyte diVerentiation.
The regulation of astrocyte precursor and astrocyte proliferation is complex. Nearly all known astrocyte precursors respond to the basic Wbroblast growth factor (bFGF), or FGF-2, which promotes precursor survival and to an extent, proliferation. However, in contrast to oligodendrocyte precursors, which can be kept cycling indeWnitely with growth factors (see below), astrocyte precursors will halt proliferation despite the continued presence of bFGF [48] . Epidermal growth factor (EGF) will stimulate astrocyte proliferation in culture, but its eVect is inhibited by bFGF [36] . Several growth factors will stimulate thymidine incorporation into astrocytes in culture, but this incorporation is inhibited by transforming growth factor-beta-1 (TGF-beta-1) [99] . We Wnd that astrocyte precursors, as they diVerentiate, begin to secrete TGF-beta-1, (G. Lin and J.E. Goldman unpublished observations). Thus, astrocytes appear to have cell autonomous feedback systems that limit their proliferation. One of the important brakes on astrocyte precursor cycling appears to be p53. As we discuss below, the loss of p53 function may be an early event in astrocytoma genesis. However, the loss of p53 is not suYcient for transformation, a process that in normal astrocytes requires further genetic changes. For example, human astrocytes in culture show a progressive loss of proliferation blocks when p53 and p16INK4A are lost and then the catalytic subunit of telomerase (hTERT) is constitutively expressed [21] . All three changes transform the cells fully. Finally, the cell cycle kinase inhibitor p27Kip1 also inhibits astrocyte proliferation in culture settings [42, 65] . Thus, the ability to continue cycling with growth factors in the absence of genetic changes appears to be a fundamental diVerence between oligodendrocyte progenitors and astrocyte precursors.
Isolating glial progenitors from the adult CNS is an important technical strategy if we are to consider such progenitors as possible sources of gliomas. The monoclonal antibodies against surface glycosphingolipids, A2B5 and O4, have proven useful in isolating adult glial progenitors from dissociated tissue preparation (human and rodent) since the lipid antigens are not cleaved by protease treatment [59, 70, 102, for examples]. Normally, adult glial progenitors are non-migratory and cycle slowly (at least the A2B5+ progenitors isolated and examined in vitro) [102] , but they can be induced to migrate and proliferate rapidly when stimulated by growth factors. The normal behavior and fate of adult glial progenitors in vivo has not been as well characterized. Progenitors in adult rat and mouse subcortical white matter can be labeled with replication-deWcient retroviruses that express reporter genes, and the fates of these cycling cells followed [26, 27] . In the normal brain, most of the retrovirus-labeled cells diVerentiate along the oligodendrocyte lineage [3] , while others remain immature and cycling. During a demyelinating-remyelinating lesion, these progenitors diVerentiate into myelinating oligodendrocytes, thus participating in lesion repair. They do not migrate far from the site of viral labeling, although if they are forced to overexpress PDGF, they become highly migratory and inWltrative (see below).
Phenotypic plasticity in glial development
Lineage "switching"
The normal lineages of glial development should not be confused with the phenotypic plasticity of glial precursors. There are several experimental examples in which immature glial cells of one lineage can be induced to express genes of another lineage. Indeed, immature glia can express markers we associate with astrocyte and oligodendrocyte lineages simultaneously under the right conditions. This plasticity of immature glia may underlie the phenotypic heterogeneity one sees in many gliomas (see below). This type of plasticity was Wrst described for the oligodendrocyte precursors of the optic nerve, the "O-2A" cells, which will halt their development into oligodendrocytes and begin to express astrocyte markers, such as GFAP if they are removed from the nerve and cultured in the presence of serum or IL-6 family members (CNTF, LIF) [47] . Thus, early glial precursor cells can show developmental plasticity under deWned circumstances. These observations also Wnd an analogy in oligodendrogliomas, which often express GFAP in a subset of cells (see below).
GFAP itself, a characteristic intermediate Wlament of mature astrocytes, is expressed by radial glia in the embryonic primate brain [11, 15, 45] . Furthermore, the recent identiWcation of GFAP+ "stem" cells in the adult mammalian SVZ [19] (which are likely derived from embryonic radial glia) has broadened the speciWcity of GFAP as a purely astrocyte marker (although some might claim that these "stem" cells are in fact astrocytes). Nevertheless, they lose GFAP expression as they diVerentiate into neurons and oligodendrocytes.
Precursor "reversion"
A second type of plasticity concerns the "reversion" to a less mature state. For example, A2B5¡/O4+ cells isolated from adult rat white matter will become A2B5+/O4¡ when treated in vitro with PDGF [59] . PDGF can also induce reversion of O4+ cells isolated from neonatal brain. A2B5+ glial precursor cells isolated from the adult optic nerve or cerebral hemispheres cycle in culture more rapidly when exposed to PDGF [102] . PDGF will also induce cycling and induce non-migratory precursors in the adult rodent white matter to begin migrating and proliferating in vivo [3] . Furthermore, oligodendrocyte progenitors isolated from the P6 rat optic nerve can be reprogrammed to acquire a multipotential stem cell-like phenotype in culture if treated with the appropriate growth factors [43] .
Phenotypic heterogeneity of gliomas
DiVusely inWltrating gliomas, including astrocytomas, oligodendrogliomas, and glioblastomas, are the most common type of primary brain tumors. These tumors can show a variety of histological and cytological features. Neuropathologists have created diagnostic categories with which to divide these tumors into diVerent types and grades. Astrocytomas are predominantly composed of cells with morphologic and immunophenotypic similarities to astrocytes (cells have oval nuclei, coarse processes and express GFAP), whereas oligodendrogliomas more closely resemble immature cells of the oligodendroglial lineage (round nuclei, fewer processes, less GFAP expression). In practice, however, it is common to encounter gliomas that contain a mixture of cells with astrocytic or oligodendroglial features. In contrast, it is rare for gliomas to contain neoplastic cells that display neuronal features (see recent articles on glio-neuronal tumors [20, 51] . The phenotypic heterogeneity seen in many inWltrating gliomas likely reXects the inherent lineage plasticity of glial progenitors.
Growth factor signaling in glial progenitors and gliomas
Several growth factors have been implicated in regulating gliogenesis during normal brain development. Among these, PDGF, and EGF are two of the best characterized and most Wrmly established to play important roles in the regulation of normal glial development and gliomagenesis. Both PDGFRs and EGFR belong to the larger family of receptor tyrosine kinases. The signaling cascades that are activated by these receptors have been extensively studied in a number of systems. The details vary depending on the cell type studied, but some general principles have emerged.
(1) The binding of ligands to the extracellular domains induces receptors to dimerize and trans-phosphorylate tyrosine residues on their cytoplasmic domains. This leads to the activation of several second-messenger signaling pathways, including (among others) the well-characterized RAS-MAP and PI3K-AKT pathways. These signaling cascades involve the reversible phosphorylation events that regulate the associations and enzymatic activity of the various signaling molecules. The development of phospho-speciWc antibodies has made it possible to characterize the activation of these pathways in situ and at the cellular level. Recent studies have used phospho-speciWc antibodies to characterize the activation of signaling pathways in human glioma specimens. Human gliomas often show elevated levels of activation of these signaling pathways [23, 73] . Furthermore, animal studies have shown that constitutive activation of these pathways can drive glial progenitors to form tumors (see below).
PDGF-PDGFR
In the oligodendrocyte lineage, the regulation of proliferation and diVerentiation is clearly under the control of speciWc growth factors, particularly PDGF. PDGF supplementation in cultures will keep glial precursors cycling and inhibit their diVerentiation for a limited number of passages, after which they diVerentiate along the oligodendrocyte lineage. However, if PDGF is given in combination with FGF the cells will remain proliferative and immature indeWnitely [10, 60] . PDGF is also a mitogen for early glial precursors, so it keeps them immature and promotes migration as well [61, 88] . Transgenic mice that express PDGF under the control of the GFAP promoter or NSE promoter overproduce PDGF and overproduce oligodendrocyte progenitors [14, 98, 103] . Progenitor numbers are directly correlated to the levels of PDGF overexpression, suggesting that the availability of PDGF is a major determinant in the generation and survival of oligodendrocyte progenitors [98] .
PDGF can drive glial progenitors to behave like glioma cells
If one carries PDGF expression to an extreme in vivo, by forcing glial precursors themselves to express PDGF, the precursors continue to divide and migrate, and form what look very much like malignant gliomas [3, 17, 86, 96] . In a recent study [3] , we used stereotactic injections to infect glial progenitors in the adult white matter with retroviruses that express PDGF. Tumors that closely resembled human glioblastoma formed in 100% of the animals by 2 weeks post injection. The tumors were composed of a massive expansion of cells with the immunophenotype of oligodendrocyte progenitors (olig2+/NG2+/PDGFR +). The cells did not express GFAP, EGFR, or neuronal markers. The tumors also contained numerous GFAP+ astrocytes, but less than 1% of the retrovirus-infected cells were GFAP+. This study provided the Wrst in vivo evidence that adult glial progenitors have the proliferative and self-renewing capacity needed to form malignant tumors. Remarkably, the tumors contained a mixture of retrovirus-infected and uninfected cells, suggesting that PDGF was driving tumor formation via autocrine and paracrine signaling. Furthermore, these Wndings suggest that even genetically normal progenitors can be driven to behave in a malignant manner if exposed to high enough levels of growth factor. This raises the fascinating possibility that human gliomas may similarly contain normal progenitor cells that have been recruited to proliferate within the mitogen-rich environment of the tumor and in this way signiWcantly contribute to the growth of the tumor. This is not to say that human gliomas do not contain a clonal expansion of genetically transformed cells. There is an enormous body of evidence to show that they do. However, gliomas are remarkably heterogeneous and often contain multiple genotypes within a single tumor. Also, due to their inWltrative growth pattern, glioma cells intermingle with non-neoplastic cells in the surrounding brain tissue, including both astrocytes and glial progenitors, both of which have an inherent capacity to proliferate in response to brain injury and mitogenic stimulation. Thus, inWltrating gliomas may contain large numbers of non-neoplastic glia that are recruited to proliferate within the mitogenic environment of the tumor. At present, however, there is no deWnitive way to distinguish a reactive/ recruited progenitor or astrocyte from a glioma cell and the degree to which recruited progenitors contribute to growth of human gliomas remains an open question. However, transplanting human glioma cells that express PDGF into nude rats induces the massive expansion of rat glial progenitors that contribute signiWcantly to tumor growth providing compelling evidence that such recruitment may occur in the human tumors (Lopez et al. in preparation).
EGF-EGFR
EGF is mitogenic for early neural progenitor cells, is expressed in early glia, but its receptor, EGFR, eventually is down-regulated as the cells mature. However, the constitutive expression of EGFR will keep glial precursors in a proliferative and migratory state in the neonatal or adult rodent CNS in vivo [1, 39] . Forcing the constitutive overexpression of EGFR in neonatal or adult rat white matter glial progenitors via infection with retrovirus that expresses an EGFR-GFP fusion protein results in a diVuse hypercellularity in the white matter that continues to expand over the course of several months. The EGFR-GFP+ cells continue to express markers of immature glial progenitors (PDGFR +/NG2+/olig2+) and seem to be "stuck" in a highly migratory and proliferative state [39] . Approximately 30% of the rats spontaneously formed large, solid tumors composed of EGFR-GFP+ cells in addition to the diVuse hypercellularity (Ivkovic in preparation).
EGF and PDGF in gliomagenesis
These same growth factors have also been implicated in the pathogenesis of human gliomas. The EGFR gene is ampliWed in 30-40% of primary glioblastomas and EGFR is overexpressed in over 60% of glioblastomas [8, 72] . Some glioblastomas express mutated growth factor receptors, such as the constitutively active EGFR VIII mutant. Much attention has been focused on the role of ligand-independent signaling via these receptors. However, it is more common for gliomas to overexpress the full length, ligandresponsive form of EGFR [8] , suggesting that glioma cell proliferation may be in part dependent on environmentally derived growth factors. Similarly, PDGF ligands and receptors are overexpressed in many human gliomas, suggesting the possibility of both autocrine and paracrine PDGF signaling loops [32, 97] . Furthermore, higher-grade more aggressive gliomas tend to express higher levels of PDGF, suggesting that PDGF's eVects on glioma growth are dose dependent. Several experimental systems have conWrmed that both PDGF and EGF have powerful eVects on glioma cell migration, proliferation and survival. Furthermore, in vitro studies have shown that glioma cells can be stimulated to proliferate and migrate by growth factors such as EGF and PDGF [53, 54, 78, 97] .
The interaction between growth factor signaling and tumor suppressors
Evidence suggests that gliomagenesis involves the combined eVects of two types of signaling events: (1) elevated levels of growth factor stimulation and (2) loss of tumor suppressors that normally serve to modulate growth factor signaling and block uncontrolled growth. For example, Pten, which is mutated in approximately 30% of all glioblastomas is known to regulate growth factor signaling via its interactions with the pI3 kinase pathway [55, 90] . Thus, the loss of Pten potentiates signaling via both EGFR and PDGFR . Indeed, the response to chemotherapies that target EGFR (GeWtinib and Erlotinib) depends on the combined genetic status of EGFR and Pten [62, 83] . Although it is well established that PTEN is also an important modulator of PDGF signaling, relatively little is known about the interactions between PTEN and PDGF signaling in gliomas. There is evidence that the expression of PDGFR and loss of heterozygosity of chromosome 10q23 are seen together in a signiWcant proportion of glioblastomas [33, 94] , raising the possibility of a functional cooperation in gliomagenesis. This idea is supported by in vitro evidence that PTEN forms a ternary complex with PDGFR and Na/ H exchange regulatory factor 1 (NHERF1) to regulate PDGF signaling via the PI3K pathway [94] . Furthermore, genetic deletion of PTEN, while not suYcient to initiate tumor formation on its own, will facilitate tumor formation in glioma-prone mice that contain additional genetic lesions [44, 101, 105] . Similarly, we have found that genetic deletion of pten from adult glial progenitors will signiWcantly facilitate PDGF-driven tumor formation. Furthermore, cell culture studies have shown that deleting pten will render glial progenitors more responsive to the proliferative eVects of PDGF stimulation (Ellis, Assanah and Canoll, in preparation).
Mutations in p53 are frequently seen in low-grade astrocytomas and secondary GBMs, often in association with expression of PDGF and PDGFR [33, 72] . These studies suggest that loss of p53 function may be an early event in the process of gliomagenesis. Loss of p53 is not suYcient to transform astrocytes fully, but may cooperate with other genetic alterations to facilitate tumor formation. Astrocytes isolated from p53 null mice are immortalized and grow more rapidly than do astrocytes from mice with intact p53. After extended passages in vitro in the presence of appropriate growth factors these p53¡/¡ astrocytes will become fully transformed, and acquire the capacity to form tumors when injected into nude mice [9] . Although the loss of p53 was not suYcient to induce the formation of brain tumors in mice, 60% of the p53¡/¡ mice (but not the p53 § or p53+/ + littermates) formed glioblastoma-like tumors after prenatal exposure to the mutagen ethylnitrosourea (ENU) [29] . Another study showed that PDGF expressing retrovirus induced tumor formation faster and more consistently when injected into the brains of neonatal p53¡/¡ mice than when the same virus was injected to wild-type mice [34] . Similarly, our preliminary studies using Cre expressing retrovirus to selectively delete p53 from adult white matter progenitors in p53 lox/lox mice greatly facilitate PDGFdriven tumor formation (Ellis, Ludwig and Canoll unpublished results). Together, these studies suggest that loss of tumor suppressor genes such as pten or p53 is not suYcient to initiate tumor formation, but that these genetic lesions can cooperate with growth factor stimulation to facilitate tumor formation and progression.
Glioma inWltration recapitulates progenitor migration
Glial precursors migrate widely through the CNS. They continue to divide after they have migrated out of the SVZ. They do not appear to migrate randomly through the developing CNS, but rather take preferential pathways, including radial glia, axonal tracts, and blood vessels [40, 93 , and P. Canoll, unpublished observations]. Migratory precursors display an overall unipolar or bipolar morphology (Fig. 3) . However, time-lapse imaging of migrating precursors in living brain slices clearly shows that they transiently elaborate and withdraw multiple branches or sub-branches [40] . In general, those precursors migrating through white matter tend to be less branched than those in gray matter, possibly because of the simpler and more linear extracellular environment of white matter.
The morphologies of precursors (and the morphologies of glioma cells) are not readily discernible in standard H&E-stained sections, which emphasize nuclear characteristics. Experimental labeling of precursors with Xuorescent markers shows the complexity and moment-to-moment variation in precursor shapes. In the case of human gliomas, cytoplasmic labeling with an antibody raised against Exon 13 of beta tubulin will show cellular processes [92] , recalling the classic silver carbonate labeling of gliomas started in the 1920s and 1930s [5] (Fig. 3) . Of course, what we observe in histological sections shows the appearance of individual cells at a particular time, but we should not conclude that these morphologies represent stable states.
We propose that glioma inWltration recapitulates the migration of glial progenitor cells that occurs during brain development. This idea is strongly supported by a recent study using the time-lapse microscopy to monitor the migration of GFP expressing glioma cells in living CNS slices [6, 22] . Similar to progenitor cells, the migrating glioma cells typically displayed a unipolar morphology, with a prominent leading process that extends and retracts with rapid dynamics. The cell body and nucleus moves in a saltatory fashion with spurts of nuclear translocations separated by periods of immobility. Both glioma cells and progenitors frequently turn or reverse direction, suggesting that they are responding to local attractive and/or repulsive guidance cues.
Some important diVerences were noted. Most notably, the migrating glioma cells frequently proliferated en route, pausing for about an hour to undergo mitosis before resuming migration. In contrast, migrating glial progenitor cells [107] . d Silver staining of oligodendrogliomas, showing a pleiomorphic population, many of which appear unipolar or bipolar [5] . e Oligodendroglioma cells inWltrating human neocortex, imaged by ABC-peroxidase method with an antibody against MAP2-13, also appear simple in morphology [92] . f Progenitor cells in an adult rat forebrain expressing PDGF by retroviral injection generate tumors that look like malignant gliomas. The infected cells (green, arrows) appear uni-or bipolar or more complex, with a few processes; all express olig2 (red). g Progenitor cells in the adult rat forebrain white matter expressing EGFR-GFRP by retroviral injection. These cells appear uni-or bipolar or more complex with a few processes [39] were rarely seen to undergo cell division in slice culture. However, adding PDGF to the slice culture media stimulates migrating glial progenitors to proliferate en route in a way that closely resembles glioma cells (Assanah et al. in preparation) .
Cells of origin of gliomas and the implications to the cancer stem cell hypothesis
Gliomas are heterogeneous and it is very unlikely that all gliomas arise from the same cell of origin. Well-established clinical features of gliomas provide important insight into the obligate criteria for a cell of origin: (1) the majority of gliomas occur in adults and therefore the cells of origin must be found in the adult brain, (2) gliomas can arise anywhere in the CNS, therefore, the cells of origin must be widely distributed throughout the brain, (3) gliomas are predominantly composed of cells with a distinctly glial phenotype and only rarely contain neoplastic cells with neuronal features. Thus, gliomas either arise from, or quickly evolve into, cells with a glial restricted potential. For many years astrocytes had been considered a prime candidate for a cell of origin of astrocytomas and glioblastomas. Indeed, cell culture studies and animal models have shown that GFAP+ cells have the capacity to form tumors when subjected to the right combinations of genetic lesions and environmental conditions [4, 9, 105] . The recent discovery that some human gliomas contain a subset of cells with stem cell-like properties has focused attention on neural stem cells of the adult SVZ as a likely "cell of origin" for human glioblastomas [18, 25, 29, 37, 82] (Fig. 4) . This analogy to the neurogenic adult SVZ is often used as a perspective from which to view CNS "cancer stem cells", but it is not clear that it is an appropriate perspective, since it reXects only neurogenesis in the adult brain and does not take into account the plasticity and self-renewing capacity of glial progenitors.
One feature of adult neural stem cells is that they divide asymmetrically, generating another stem cell and a neural progenitor cell, which is destined to diVerentiate. It has been proposed that cancer stem cells go through an asymmetrical division, generating another cell that retains the capacity to self-renew and a daughter cell that has a limited capacity to self-renew [7] .
However, the deWnition and existence of glioma "cancer stem cells" is at present unclear. Investigators have postulated the following characteristics: (1) glioma cancer stem cells are rare in the total tumor population; (2) they have a unique capacity to self-renew endlessly and therefore the only cells capable of giving rise to gliomas and glioma recurrences; (3) they proliferate slowly and are relatively resistant, compared with other cells in the tumor, to chemotherapy and radiation; (4) they have the ability to generate progeny with a limited capacity to self-renew and therefore non-tumorigenic; (5) they are multipotential, giving rise to all of the diVerent cell types in a tumor.
One of the major limitations to our current understanding of cancer stem cells is the lack of deWnitive markers that can be used distinguish cancer stem cells from other cells in the tumor. Several studies have proposed that CD133 (also known as prominin) can be used to identify and isolate cancer stem cells and that these cells have a unique capacity to initiate tumor growth [89] . However, low-grade gliomas, and a signiWcant proportion of glioblastomas do not contain CD133+ cells [71, 80] , raising the issue of what cells give rise to these tumors. Possible candidates are glial progenitors and progenitor-like glioma cells, which are found in abundance in both low-and high-grade gliomas. Furthermore, normal glial progenitors have the capacity to revert to a stem cell-like phenotype in vitro [43] . This phenotypic reversion raises the possibility that the "de-diVerentiation" of progenitors generates "stem-like" cells in high-grade gliomas. Thus, the presence of stem-like cells in human gliomas should not be taken as proof that gliomas arise from neural stem cells.
There is accumulating evidence that CD133+ cells are not the only elements in gliomas with signiWcant tumorigenic potential. Human gliomas also contain an abundance of cells that express markers normally expressed by adult glial progenitors, including PDGFR , NG2, olig2, and A2B5 [16, 46, 56, 68, 71, 87] . Furthermore, A2B5+/ CD133-cells freshly isolated from human high-grade gliomas form tumors when injected into nude rodents [71] , providing another possible link between glial progenitorlike cells and tumorigenesis. The idea that glial progenitors can give rise to gliomas is strongly supported by the results of our animal model studies showing the adult glial progen- itors have the capacity to form GBM-like tumors when infected with a PDGF expressing retrovirus [3] . These Wndings greatly expand the pool of cells in the adult brain that must be considered as potential "cells of origin" (Fig. 2) .
We have considered how epigenetic mechanisms promote plasticity in the glial progenitor population and how this plasticity correlates with and perhaps helps to explain the phenotypic heterogeneity in many gliomas. As a Wnal point, consider whether a progenitor to stem cell transition could take place in gliomas, a point already made in principle [43] . Might the plasticity of glial progenitors in the context of gliomas allow for their conversion to cells with stem-like properties? Given that the local environment of blood vessels appears to provide a niche for stem cells in the normal CNS [74, 85] , might one anticipate that the interactions of glioma cells with blood vessels would confer on the tumor cells some stem-like characteristics that might elude glioma cells in other microenvironments?
Alternatively, cells with progenitor properties that are distinct from "cancer stem cells", as deWned above, can themselves cause tumor growth and tumor recurrence. Thus, targeting "cancer stem cells" may not be adequate to eliminate tumor growth.
A recent study has shown that CD133+ "stem-like" cells in brain tumors are located next to blood vessels. Furthermore, inhibiting angiogenesis in brain tumor xenografts with anti-VEGF inhibited tumor growth and reduced the numbers of self-renewing stem-like cells that could be isolated from the tumors [13] . These Wndings suggest that cancer stem cells are dependent on a perivascular niche that is generated by robust vascular proliferation that occurs during tumor progression. This may also explain why stemlike cells are not seen in low-grade gliomas [71, 80] . It also suggests that the inWltrative margin of gliomas where the migratory glioma cells are intermingled with relatively normal brain parenchyma may be highly enriched in progenitor-like glioma cells and relatively devoid of stem-like cells.
At present, there is no consensus on how to deWne brain tumor "cancer stem cells." The cancer stem cell" hypothesis assumes a hierarchical nature of relationships among cells in a tumor, with a unidirectional progression from stem-like cells that have an inexhaustible capacity to selfrenew to progenitor-like cells that have a limited capacity to self-renew. However, we would argue that "progenitorlike" glioma cells retain the capacity to proliferate and selfrenew, and can contribute to tumor growth, although in a diVerent way than stem-like cells (Fig. 5) . Both populations should be taken into consideration when addressing therapeutic approaches. 
